The modifications to the nucleon electric polarizability induced by pion and sigma exchange in the q − q potential are studied by means of sum rule techniques. Contributions from meson exchange interactions are found to be small or in the wrong direction showing that such effects are far less important than in nuclei and they cannot simulate the phenomenology of the meson cloud.
Electric (α) and magnetic (β) static polarizabilities are fundamental observables characterizing the response of the nucleon to an external (quasi)-static field. In particular α controls the deformation induced by the electric field and can be experimentally determined for the proton by measuring the Compton polarizabilityᾱ [1] . A recent analysis [2] yields α p = α p + ∆α p = (12.1 ± 0.8 ± 0.5) 10 −4 fm 3 ,
where, from the low-energy theorems [3] ,
and ∆α = e 3M 0|
is the so called retardation term. In the previous expressions |0 is the ground state (nucleon) and |n the excited states allowed by the dipole operator D z = 3 i=1 e i ( r i − R) z . E n and E 0 ≡ M denote the masses of these states, e i and r i stand for the charge and position of the (constituent) quarks, and R is the center of mass coordinate.
The static polarizability of the proton (α p ) is obtained by substracting the retardation contribution in (1) , while for the neutron one access to α n directly by means of a neutron-Nucleus scattering (n-Pb specifically [4] ) and the final results read [1, 4] : 
These observables have been calculated in a wide variety of hadronic models, including bag models, soliton models, chiral perturbation theory and dispersion relation methods (see [5] for a review). For the non-relativistic constituent quark models [6] - [9] there is a clear difficulty to simultaneously reproduce the spectrum and the experimental evidences (4). This can be straightforwardly illustrated in the harmonic oscillator model [10] , but it is also true within a large class of more realistic potentials [11] . As a matter of fact polarizabilities are systematically underestimated owing to the requirement of a small quark core as suggested by spectroscopy arguments. Moreover, the charge symmetry exhibited by quark models makes difficult to explain the difference α n − α p in (4). It is intuitive to argue that the missing ingredient is the polarizability of the meson cloud surrounding the core [5, 6] . The mesonic cloud, though it seems to have no effect on the baryon mass calculation, is essential to understand many electromagnetic properties of the baryons. It has been shown [12] that in chiral quark models a major fraction of α comes from the coupling of the photon to the charged pion fields, i.e. from the cloud.
In the last few years, in order to include chiral symmetry effects in a phenomenological way, quark models have emerged that assume mesonic exchanges in the q − q potential [13, 14, 15] , an assumption which relates two different 'worlds' of degrees of freedom: the low-energy nuclear physics degrees of freedom (mesons and baryons) and the fundamental description in terms of quarks and gluons. At the moment there is no clear evidence of a smooth transition between these two 'worlds' [16] and a study of the effects induced by the q − q meson interaction can shed some light on the problem. In particular one can arise the question: to wich extent can the meson exchange simulate the virtual cloud of the nucleon? The electric polarizability is a peculiar observable sensitive to both quark and meson degrees of freedom and its study can represent a useful tool to elucidate the problem. The paper is devoted to such an attempt.
Our starting point to calculate the electric static polarizability, including the effects of the mesonic q − q interaction, has to be simple enough to have a direct relation with the potential model and, in addition, independent on the space of states introduced by Eq.(2). In the harmonic oscillator case the sum over excited states can be directly evaluated but in other more realistic scenarios one has to resort to other techniques such as variational methods [6] or sum rules [9] 1 . We make use of a sum rule technique which, washing out all the complications of the baryonic spectrum, requires the knowledge of the nucleon wave function only, and constrains the numerical result to satisfy the stringent inequality [11] :
where E 10 is the energy gap between the nucleon and the first electric dipole excitation, D 13 (1520), and the moments (sum rules) of the dipole operator read
The potential model enters in two basic ways: i) explicitly in the Hamiltonian in Eq. (7); ii) implicitly in the consistent ground state |0 (H |0 = E 0 |0 ).
As to the q − q potential we make use of the model proposed by Fernández et al. [13] which includes a variety of contributions:
where V Conf defines the confinement potential, V OGE embodies the one-gluon exchange interaction and V OPE (V OSE ) is the one-pion (one-sigma) exchange term. The explicit expressions are:
The potential (8)- (11) has the remarkable feature of reproducing the N-N phase shifts and some deuteron properties. The nucleon wave function provided by this potential is essentially SU(6) symmetric with a probability of 96 % for that channel. In addition it also contains a SU(6) L = 0 breaking term (3.96 %) and a small amount of D-wave component.
One could calculate m 1 (D z ) and m 0 (D z ) in this model without explicitly taking into account V OPE (9) and V OSE (10) contributions in the Hamiltonian, (except the indirect influence on the wave function), obtaining
for both proton and neutron. The expression for m 1 (D z ) in (14) comes from the non vanishing conmutator of the kinetic energy and the dipole operator. The charge radii of the nucleon core calculated with the wave functions consistent with the potential (8) [18] , are r 
a result which can be regarded as the typical outcome of a CQM. Let us see now how the inclusion of OPE and OSE may altere this picture.
Lower bound: dipole sum rule
We remind that m 1 (D z ) is directly related (in the long wavelength limit) to the integrated photoabsortion cross section by means of the TKR sum rule (e.g. ref. [19] ), one has:
In the case of photoabsortion on nuclei it is well known that the sum rule can be written
where the first term arises from the kinetic energy conmutator and K is an enhancement factor due to the (isospin-dependent) N-N interaction. Considering a OPE potential model the values for K range from 0.5 to 1, depending on the importance of the tensor correlations. Certainly a similar behaviour in the nucleon case would worse the situation since an increment in m 1 translates into a reduction of the lower bound (cfr. Eq. (5)). However there is a major difference between nucleons and nuclei: due to the color degree of freedom, the spin-isospin wave function for the dominant (SU(6) symmetric) component of the nucleon must be symmetric whereas for a (corresponding) three-nucleon system is antisymmetric. If we proceed by calculating m 1 (D z ) for the potential (8) then we get:
where the first factor is the kinetic energy contribution (cfr. Eq. (14)) and κ is the new term arising from the isospin dependence of V OPE , Eq. (9):
The numerical result is κ = 0.088, for both proton and neutron and, as a consequence: i) the lower bound to α is reduced from 3.1 10 −4 fm 3 to 2.85 10 −4 fm 3 (cfr. Eq.(15)); ii) even more surprisingly κ keeps the same sign of the nuclear case despite of the opposite spin-isospin wave function symmetry.
In order to have a deeper understanding of these facts it is very instructive to investigate the same sum rule for the nuclei within a framework as close as possible to the nucleon example we have discussed. Let us consider, therefore, the N-N potential generated by the q − q interaction (8) . This potential [13] contains a central part and an isospin dependent term. By assuming a simple gaussian wave function for a three nucleon system, the enhancement factor in (17) is K ≈ 0.1. The spin-isospin matrix element has the opposite sign with respect the nucleon case as already mentioned. However also the spatial integral has the opposite sign. This is because the nucleon and the nuclear wave functions are sensitive to very separate regions of the OPE potential. Indeed looking at Eq. (9) and taking into account the rather large value for the cutoff Λ CSB (4.2 fm −1 ), we see that for distances 1.5 fm the regularized part dominates. The nucleon wave function is mostly concentrated at distances 0.5 fm and is sensitive to the regularized part, while the nuclear wave function is mainly sensitive to the long range tail of the OPE. This simple argument justifies the change of sign previously emphasized and we can conclude that, despite of the use of the same terminology, the only common feature of the OPE in nucleons and in nuclei is the spin-isospin structure. Regarding the spatial structure, OPE looks very different ranging from nucleons to nuclei and the nucleon has little notice of the long-range part of OPE at such confinement scale.
Upper bound: two-body charge densities
The discussion of the previous section leads to the conclusion that the lower bound to the nucleon polarizability is rather small even including meson exchange effects in the q − q potential. Does such conclusion mean that the range of the allowed values for α is simply enlarged by the presence of virtual mesons? The question opens the need for a reinvestigation of the upper bound since it is clear from Eq. (5) that a shift in the allowed values of α is more easily achieved by increasing m 0 (D z ) rather than by lowering m 1 (D z ). In addition one can note that m 0 (D z ) is extremely transparent: it depends on the definition of the dipole operator (and the nucleon ground state) only. The expression for D z used in the previous section was obtained by assuming a non-relativistic charge density:
the dipole operator being defined as:
Any correction to the charge density will translate into modifications to the dipole operator, i.e., to m 0 (D z ) [20] . It is rather common to include the structure of the constituent quarks by means of a photon-quark form factor [14] :
The replacement (22) increases the charge radius of the baryon but has no effect on the dipole operator. The same conclusion holds for any relativistic correction to (20) , such as the Darwin-Foldy term, which does not modify the spherical symmetry of the quark charge distribution. A trivial solution, sometimes invoked, would be the introduction of ad hoc intrinsic polarizabilities of the quark, but the predictive power of the model is lost unless it is extended to the study of other observables (generalized polarizabilities in virtual Compton scattering for example). A more ambitious approach, beyond the scope of the present work, would be to calculate the intrinsic polarizabilities of the quarks in ChPT (see for instance [21] ).
We want to focus on the modifications of the charge density due to pion and sigma exchanges. These interactions generate two-body terms in the density that have been extensively used in the recent past (see [22] and references). The charge density consistent with the potential (8) reads
where ρ NR ( q ) is the one-body term Eq. (20) . The dipole operator splits in the following components:
and the explicit expressions for the last two terms in the equation above are:
with
We have calculated m 0 (D z ) with the new operator (24) (6) breaking component in the wave function, but also from the structure of the operators (25 -26) which are sensitive to the total isospin of the system even in the SU(6) symmetric limit. We see that two-body pion and sigma components affect the upper bound lowering its value. Furthermore the lower bound is also renormalized and we obtain the final results: A comparison with Eq. (13) shows that our results for m 0 are consistent with a shrinking of the size of the nucleon by OPE, an effect already found by the authors of refs. [14, 22] . Two-body currents have been proved to be crucial to explain some observables such as N − ∆ electric multipoles and neutron charge radius [22] . However in these cases the one-body contribution is strongly suppressed by symmetry reasons. When such an argument cannot be invoked, as in the case of the electric polarizability, the two-body currents are not sufficient to parametrize all the non-valence degrees of freedom seen by electromagnetic probes.
Additional relativistic corrections to the current could certainly be considered [7, 20, 23] , and they would also receive contributions from pion and sigma exchange. In ref. [7] the effects of relativistic corrections to ρ NR ( q ) were calculated (up to order (1/m 2 )) and found to be small ( 5 %) and also reduced the value of α. On the same ground potential dependent corrections to the static polarizability have been proposed [24] though they are still under discussion [25] . Anyway we believe that exchange currents in (23) represent a genuine effect of mesons on the polarizability. Though the validity of our conclusions is somehow limited by the choice of the q − q interaction model, its basic features are shared by other similar meson exchange potentials. In particular the aspects which play a relevant role for the present investigation, namely the small core size for the nucleon wave function and the sign and short-range behaviour of the interaction, remain basically unchanged.
Summarizing, we have shown that the nucleon polarizability is quite a sensitive observable to understand the role of meson-exchange effects between quarks. A sum rule technique allowed us to relate, in a simple and transparent way, the q − q potential model and the polarizability showing that, contrary to what happens in nuclei, meson exchange currents are not relevant to explain experimental evidences. The picture of the nucleon as a core plus a meson cloud, that emerges not only from constituent quark models but also from Nambu-Jona-Lasinio and Skirmion models [26] , have no analogy in nuclei. Meson exchange currents, or equivalently the OPE terms, cannot simulate the entire phenomenology supported by the cloud. The inclusion of the internal polarizability of pions and/or more refined treatment of the |component in the wave function seems to be unvoidable and it should be further investigated. 
